Abstract The purpose of the present study was to evaluate the ranges of Hounsfield unit (HU) found in body fluids, putrefaction fluids, and blood on postmortem CT and how these ranges are affected by postmortem interval, temperatures, and CT beam energy. Body fluids, putrefaction fluids, and blood from a total of 53 corpses were analyzed to determine the ranges of HU values from postmortem CT images that were taken prior to autopsy. The fluids measured in CT images were obtained at autopsy and examined in terms of macroscopic and microscopic appearances. Body fluids and blood were also collected in plastic bottles, which were subjected to CT scans at different beam energies (80-130 kV) and at various fluid temperatures (4 to 40°C). At a postmortem interval of 1 to 4 days, the ranges of HU values of the serous fluids (13-38 HU) and the nonsedimented blood (40-88 HU) did not overlap. In the sedimented blood, the upper serum layer exhibited HU value ranges that overlapped with those of the serous fluids. The putrefaction fluids exhibited a range of HU values between 80 and −130 HU. Elevated HU values were observed in fluids with accretive cell impurities. HU values decreased slightly with increasing temperature and CT beam energy. We concluded that serous fluids and blood in fresh corpses can be characterized and differentiated from each other based on HU value ranges. In contrast, body fluids in decomposed corpses cannot be differentiated by their HU value ranges. Different beam energies and corpse temperatures had only minor influences on HU value ranges and therefore should not be obstacles to the differentiation and characterization of body fluids and blood.
Introduction
Postmortem computed tomography (PMCT) has become a useful tool as adjunct to forensic autopsy. Among other techniques, the use of cross-sectional PMCT images is feasible for the detection of blood and fluid collections [1] [2] [3] [4] [5] . The characterization and differentiation of body fluids and blood within a corpse can be of crucial importance for determining the cause of death or clarifying other relevant forensic issues [6] [7] [8] [9] [10] [11] [12] . In clinical CT images, body fluids are characterized and differentiated based on Hounsfield unit (HU) magnitudes and ranges [13] [14] [15] . In the Hounsfield scale, the radiodensity of distilled water at standard pressure and temperature is defined as zero HU, and the radiodensity of air is defined as −1,000 HU. In vivo, different tissues and fluids possess characteristic HU values that are determined by their radiodensities. The radiodensity of blood is known to range between 40 and 60 HU, and the exact HU value depends mainly on the cellular content. The radiodensities of serous fluids range between 15 and 30 HU, and the exact HU value depends on the protein content [16] . However, PMCT is vastly different from clinical CT due to various postmortem phenomena, such as putrefaction, biochemical degradation, and diffusion processes [1] [2] [3] [4] 17] . The radiodensities of fluids are known to depend on temperature and beam energy [18, 19] . PMCT scans are conducted at various body temperatures and with different CT beam energies. Currently, it is unknown how postmortem degradation processes, putrefaction and variations in body temperatures, and CT beam energies influence the radiodensities and HU values of body fluids and blood. It is possible that the known HU values for the fluids and blood of the living are not applicable to fluid media in corpses. Therefore, the goal of the present study was to evaluate Hounsfield unit ranges of body fluids, putrefaction fluids, and blood in postmortem CT in terms of cadaver age, temperature, and beam energy.
Materials and methods

Study subjects
Body fluids (i.e., cerebrospinal fluid (CSF), serous fluids, urine, bile, and putrefaction fluid) and blood of a total of 53 corpses were analyzed in a prospective study. Inclusion criteria for corpses were the existence of fluid collections that were detectable in CT images and that were large enough to place five independent regions of interest (ROIs) for HU value measurements. Corpses with no detectable fluid collections in CT images were excluded. The postmortem intervals (PMIs) of corpses ranged from 1 day to several months. Table 1 gives information on all cases regarding the circumstances of death, state of decomposition, postmortem intervals, and the presence of body fluids. The state of decomposition was determined using the radiological alteration index (RAI) from Egger et al. [20] . For reasons of tissue preservation, all corpses were stored for several hours in cooling chambers before the CT scans. The body temperatures of the corpses were not assessed during the CT scans due to the expected limited temperature ranges after storage in the cooling chambers.
CT imaging and image analysis
All corpses underwent CT scans (Somatom Emotion 6, Siemens Medical Solution, Forchheim, Germany) prior to autopsy. The CT scan parameters were as follows: beam energy, 130 kilovolts (kV); rotation time, 1,500 ms; kernel, B30; slice thickness, 1.25 mm; and increment, 0.7 mm and the field of view was adapted to the size of the object. The analyses of and HU value measurements from the CT images were performed by one observer on a Leonardo Workstation (Siemens, Forchheim, Germany). To obtain HU values for fluids and blood from CT images, a total of five independent and nonoverlapping ROIs were created in three different areas in which fluids and blood were detected in axial CT images. The ROIs were placed over the entire ventro-dorsal expansion of the fluid collections. The sizes of the ROIs depended on the extensions of the fluid collections (Fig. 1a, b) . In cases of visible segmentations of putrefaction fluids (n =7) and blood (n = 21), the upper and lower layers were measured separately (Fig. 1c ).
Autopsy and sample collection
Autopsies were authorized by the local authorities and performed by forensic pathologists immediately following CT scanning or on the following day. At autopsy, fluids were obtained from the following body cavities: CSF from the lateral brain ventricles (n=37), serous fluids from the thoracic (n=31) and abdominal cavities (n=19), blood from the right heart ventricle (n=36) and when present from the thoracic (n=13) and abdominal cavities (n=9), urine from the urinal bladder (n=28), and bile from the gall bladder (n=23). A total of 14 of the 53 corpses were highly putrefied. From these corpses, putrefaction fluids were obtained from thoracic (n=12) and abdominal cavities (n=9).
Macroscopic and microscopic analysis of sampled fluids
The fluids that were measured in the CT images were obtained at autopsy and examined immediately afterwards in terms of macroscopic (color and clarity) and microscopic (cell count) appearances. The fluids in the thoracic and abdominal cavities that were light yellow to light red in color and clear or slightly unclear in appearance and had low cell counts were characterized as serous fluid or as CSF when these fluids were found in the lateral brain ventricles. Blood was characterized by its typical red appearance and the presence of countless erythrocytes. Fluids in the putrefied corpses that were dark red to black in color, unclear in appearance and contained microscopic debris were characterized as putrefaction fluids. For microscopic examination, the specimens of the obtained body fluids were pipetted onto an object plate, and five different visual fields were viewed at × 20 magnification. Cell counts were categorized as follows: no cells per visual field; fewer than 10 cells per visual field, between 10 and 20 cells per visual field; and more than 20 cells per visual field.
CT imaging of fluids in bottles at different temperatures and beam energies CSF, serous fluids, and blood were collected in plastic bottles and underwent CT scans after autopsy. To determine the radiodensity of distilled water according to the CT scanner that was used, plastic bottles were also filled with distilled water and underwent CT scans. The CT scans in bottles were performed with different beam energies (80, 110, and 130 kV) and at different fluid temperatures (ranging from 4 to 40°C). For the CT scans at different temperatures, the fluids, blood, and distilled water in the plastic bottles were cooled in a refrigerator and heated in a warming bath in 5°C steps. The measurements of the HU values from the CT images of the bottles were performed using a Leonardo workstation. For each bottle, six different ROI of the same size were created in each third of the bottle in the longitudinal plane (Fig. 1d) . Figure 2 shows the HU value ranges obtained for blood and the body fluids containing zero or very few cells from the fresh corpses and for the putrefaction fluids from the decomposed corpses. In the fresh corpses, the serous fluids and blood exhibited HU value ranges that did not overlap. In cases of sedimentation of the blood, the upper layers exhibited HU values that overlapped with those of the serous fluids. In some cases, the putrefaction fluids exhibited negative HU values that were as low as −70 HU. Sedimentation of the putrefaction fluid was observed in some corpses (n=7) (Fig. 3) . In these cases, the upper layer always exhibited negative HU values that ranged between −80 and −130 HU, and the lower layer exhibited HU values that were similar to those of the blood from the fresh corpses.
Results
HU values of fluids and blood in corpses
The HU values of all serous fluids and CSF with accretive cell impurities were elevated (Fig. 4) .
HU values of fluids and distilled water in bottles at different temperatures and beam energies Figure 5 illustrates the temperature dependence of the HU values for the fluids and blood. The HU values of CSF, serous fluids, and blood decreased with increasing temperature. 
Discussion
The results of the present study indicate that at short postmortem intervals of a few days, the serous body fluids and blood retain HU values that are similar to the known characteristic HU values of these fluids in living [16] . Therefore, serous fluids and blood can be differentiated based on HU values in fresh corpses. The differentiation of blood and serous fluids is highly relevant for forensic postmortem imaging. For example, evidence of large volumes of blood in the thoracic cavities or the abdominal cavity may be indicative of exsanguination or traumatic lesions to the relevant organs [6] [7] [8] [9] [10] [11] [12] . In such cases, the detection of blood collections may also be relevant for the decision to perform PMCT-angiography to detect the source of exsanguination [21, 22] . In contrast, equal volumes of serous fluid in the thoracic cavities or the abdominal cavity often suggest other causes of death because such fluid distributions are the consequence of chronic or malignant diseases [23] [24] [25] [26] [27] .
In postmortem CT images, blood can be sedimented due to the cessation of blood circulation. In such cases, blood is easy for the image reader to detect because serous fluids do not Fig. 4 Ranges of HU values (mean, minimum, and maximum, 130 kV) for CSF (n=37) and serous fluids (n=50) with increasing levels of cellular impurity (i.e., no cells, fewer than 10 cells, fewer than 20 cells, and more than 20 cells per visual field at×20 magnification) compared to that of nonsedimented blood (n=36). Note that the HU values of the CSF and serous fluids increase with increasing cellular impurity appear to be sedimented [5, 16] . However, sedimentation of the blood is not always present in postmortem CT images. In such cases, blood and serous fluids can only be differentiated based on their HU value ranges. Furthermore, early in the process of sedimentation, a gray value contrast between the upper and lower layers of the sedimented blood may not yet be visible on the CT images. Therefore, we recommend that ROIs in the CT images be placed over the entire ventrodorsal expansions of fluid collections and not be limited to the upper or lower portions. Such ROI placement will prevent misinterpretation of the upper portions of blood collections as purely serous fluid collections. The present study verified that if body fluids of fresh corpses exhibit HU values below 40, the existence of blood can be excluded. Hence, fluids with HU values above 40 can be characterized as blood or fluids with relevant impurities due to blood cells. However, this rule is not applicable for cases in which an antemortem CT scan with an injection of contrast agent has been performed. The increases of the HU values of serous fluids that accompany increases in cellular impurities are attributable to increased radiodensities due to the corpuscular cellular components [5, 16, 21, 22, 28] .
For the first time, the present study evaluated the HU values of putrefaction fluid. This study demonstrated that putrefaction fluid exhibits HU values that range from +80 to −130 HU. The existence of negative HU values is attributable to the presence of the fatty contents that can be a component of putrefaction fluid in decomposed corpses [29] . The presence of fatty contents in putrefaction fluid may also explain the phenomenon of sedimentation because all observed sedimented putrefaction fluids exhibited negative HU values in their upper layers that were typical of fatty tissue in the living [30] . Since putrefaction fluid can mimic serous fluids as well as blood, we conclude that HU measurements in decomposed corpses are not useful for the differentiation of body fluids. Therefore, it is useful to determine the state of decomposition in PMCT before interpreting the HU values of fluids. With the RA index from Egger et al., the state of decomposition can be identified in PMCT. When RA indices indicate advanced decomposition, the image reader has to consider that the body fluids cannot be interpreted based on their HU values [20] . In fact, in the present study, all corpses with detectable putrefaction fluids presented with an RAI over 60. It can be concluded that fluid collections in corpses with a RAI over 60 can be identified as putrefaction fluid but cannot be further interpreted by their HU values.
Forensic PMCT scans are regularly being conducted across a range of corpse temperatures that typically vary between 4 and 40°C, depending on the PMI and the condition at death (1-3). Temperature is known to influence radiodensity and HU values because fluid densities decrease with increasing temperature [1, 19] . In the present study, HU values were observed to decrease with increasing temperature. However, the maximum deviation of the mean HU values across a temperature range of 4 to 40°C was only 10 HU. Thus, variations in corpse temperature should not be an obstacle to the identification of body fluids and blood based on HU values. A limitation of the present study was that the body temperatures of corpses were not assessed at the time of the CT scan. Thus, no data for influence of the temperature on HU values of fluids in corpses are available. However, the physical properties of the investigated fluids and fluid mediums in bottles and corpses are the same. Hence, information on the temperature dependence of HU values gained from the fluid CT scans in bottles should be conferrable to the fluids in corpses.
In forensic practice, corpses are CT scanned with different beam energies that range from 80 to 130 kV [1] [2] [3] . Beam energy is defined by the X-ray tube voltage setting of the CT scanner and is measured in kilovolts [31, 32] . In the present study, HU values were observed to decrease with increasing beam energy. The maximum deviation of the mean HU values of the fluids scanned across the beam energy range of 80 to A previous study revealed that the mean HU values of the same nonorganic objects varied significantly across different CT scanners [33] . This variation was probably due to differences in the mean energies of each of the CT scanner at the same kV setting. However, the investigated objects were highly absorbent materials with radiodensities that ranged from 1,000 to 30,000 HU. It is highly likely that media with lower attenuations, such as organic fluids, do not exhibit relevant scanner-dependent variations in HU values. Therefore, the ranges of HU values for blood and body fluids reported in the present study should also be valid for other CT scanners.
Conclusions
In corpses with a postmortem interval of 1 to 4 days, the HE values of serous fluids and blood are similar to the known HU values for these fluids in the living. Hence, in postmortem CT images of fresh corpses, serous fluids and blood can be characterized and differentiated based on the ranges of their HU values. The HU value ranges of putrefaction fluids overlap with those of serous fluids and blood in fresh corpses. In decomposed corpses with a radiological alteration index over 60, the interpretation of body fluids based on the ranges of their HU values is not expedient because these fluids can be determined as putrefaction fluids. Different beam energies and corpse temperatures had only minor influences on the HU value ranges and therefore should not complicate the differentiation and characterization of body fluids and blood.
